Several nonradiative processes compete with tryptophan fluorescence emission. The difficulty in spectral interpretation lies in associating specific molecular environmental features with these processes and thereby utilizing the fluorescence spectral data to identify the local environment of tryptophan. Here, spectroscopic and molecular modeling study of Lys-Trp dipeptide charged species shows that backbone-ring interactions are undistinguished. Instead, quantum mechanical ground state isosurfaces reveal variations in indole π electron distribution and density that parallel charge (as a function of pK 1 , pK 2 , and pK R ) on the backbone and residues. A pattern of aromaticityassociated quantum yield and fluorescence lifetime changes emerges. Where quantum yield is high, isosurfaces have a charge distribution similar to the highest occupied molecular orbital (HOMO) of indole, which is the dominant fluorescent ground state of the 1 L a transition dipole moment. Where quantum yield is low, isosurface charge distribution over the ring is uneven, diminished, and even found off ring. At pH 13, the indole amine is deprotonated, and Lys-Trp quantum yield is extremely low due to tautomer structure that concentrates charge on the indole amine; the isosurface charge distribution bears scant resemblance to the indole HOMO. Such greatly diminished fluorescence has been observed for proteins where the indole nitrogen is hydrogen bonded, lending credence to the association of aromaticity changes with diminished quantum yield in proteins as well. Thus tryptophan ground state isosurfaces are an indicator of indole aromaticity, signaling the partition of excitation energy between radiative and nonradiative processes. a Fit to RLBL data. b Italicized numbers are amplitude-weighted average lifetimes.
■ INTRODUCTION
Understanding the factors responsible for Trp fluorescence changes is critical to interpretation of biologically relevant, solvent-phase protein structure. The basis for the observed thirty-fold variation 1, 2 in tryptophan (Trp) fluorescence emission intensity (quantum yield) in proteins has been under study for the last 40 years. 3−14 Within the past 20 years, the role of charge transfer has gained increasing importance in explaining fluorescence changes in intensity, lifetime, and wavelength and is probably considered the primary factor in quantum yield reduction for Trp in proteins. Proton transfer from a terminal ammonium group to Trp can reduce quantum yield, 15−19 but in proteins, where amide groups predominate, quenching occurs by electron transfer from the ring to an amide. 10,18,20−24 Charge transfer quenching involving residues is also possible. 18, 24, 25 The protein environment of a single tryptophan can be very complex as many residues, charged or nonpolar, as well as backbone amides may be within a 4 Å radius of interaction with the fluorescent indole ring. In order to reduce the potential number of groups affecting quantum yield, we chose to examine the fluorescence characteristics of the Lys-Trp dipeptide in all possible charge states. As in previous studies of Trp dipeptides, 26, 27 we employ quantum mechanical (QM) calculations and molecular dynamics (MD) simulations to provide information on the dominant molecular conformations. We examine these in tandem with fluorescence lifetimes, steady-state fluorescence emission spectra, and quantum yield determinations for all Lys-Trp charged species. As before, we find that backbone-ring interactions for all Lys-Trp species are controlled by the dihedral angle, chi 1, and that three angles predominate: 60°, 180°, and 300°. Digital switching between the chi 1 conformers is also observed. Unlike past studies, however, terminal amine cation−indole interactions are all but absent and so cannot be used to explain spectroscopic features for the cationic species. The van der Waals contacts for Lys-Trp cations are not qualitatively or quantitatively different from those observed for the zwitterion or anion species, and so these also cannot account for the precipitous decrease in cationic quantum yield and shorter fluorescence lifetimes. In addition, the relative stability of the 60°, 180°, or 300°chi 1 rotamers is unlikely to be a factor because, unlike the previous Trp-Glu study, 27 they do not display recognizably significant differences in their stability.
These spectroscopic features remain inexplicable until the evidence of exoring negative charge on C β′ and the possibility of alternate indole resonance structures and changes in aromaticity are considered. Therefore, we examine QM-MDderived indole ring isosurfaces, 28, 29 which show the ground state π-electron density at specific distances from the ring plane. This exercise reveals a trend in decreased ring charge density and delocalization (i.e, loss of aromaticity) with increased positive charge on the peptide backbone and Lys residue, which is paralleled by decreased quantum yield and fluorescence lifetime. A dramatic decrease in the intensity is seen above the pK a of the indole amine, which is also predicted by the notable alteration in isosurface charge distribution or aromaticity. In the absence of isosurface data for proteinaceous Trps, observed extremely low quantum yield is explained with similar changes in aromaticity for tryptophans that are hydrogen bonded at the indole amine. This is expected to give rise to the nonaromatic π-electron density distribution observed for the deprotonated indole tautomer.
The association between ground state conformation and fluorescence of aromatic compounds, including indole derivatives, was first studied in 1970 by IB Berlman. 30 More recently, the optical and electronic properties of aryl-substituted benzobisoxazoles 31 and pyrenes 32 have been tuned via substituents that affect the π-conjugated electrons. These substituents mainly affect the highest occupied molecular orbital (HOMO, ground state) and lowest unoccupied molecular orbital (LUMO, first excited fluorescent state), but it has been demonstrated that the HOMO can be tuned without significantly affecting the LUMO. Thus it is found that the ground state can tune fluorescence properties. These results further support our finding that the ground state isosurfaces of Lys-Trp dipetide species correlate with quantum yield and fluorescence lifetimes because for indole, the HOMO is the predominant ground state for the fluorescing transition dipole, 1 L a . 33 In comparing the isosurfaces of the Lys-Trp dipeptide species, we find that the electron density distribution for the isosurfaces of the highly fluorescent zwitterion and −1 charged species resemble that for the calculated HOMO molecular orbital for indole, which is the dominant ground state orbital for the fluorescent transition dipole, 1 L a . 33, 34 This is the first time that changes in tryptophan quantum yield and lifetimes have been linked to changes in ring aromaticity.
■ RESULTS
Fluorescence Emission and Quantum Yield. The fluorescence emission maximum for each Lys-Trp species is given in Table 1 . The maxima range in value from 355 to 375 nm. These values are red-shifted relative to the emission maximum for aqueous Trp at 350 nm. The quantum yield measurements require recording absorption spectra for the Lys-Trp dipeptides. The S 1 absorption band maxima are included in Table 1 . Lys-Trp species have maxima ranging from 279 to 283 nm.
The quantum yields for Lys-Trp charged species fall into two sets: a low quantum yield for (Lys-Trp) 2+ (pH 1.5, QY = 0.032), (Lys-Trp) + (pH 5.3, QY = 0.059), and (Lys-Trp) − with deprotonated indole amine (pH 13.0, QY = 0.014), and a higher quantum yield, QY= 0.14, identical to that of L-Trp, 35 for Lys-Trp zwitterion (pH 9.3) and (Lys-Trp) − (pH 11.0). Protonation at the indole amine at pH 1.5 is not a consideration because Trp quantum yield is already at a minimum at this pH while the indole minimum is at a pH < 1. 36 In a study of Tyr mutants at positions 8 and 10 of a 12-mer β-hairpin peptide, 14 the quantum yield of the adjacent Trp dropped to ∼0.02 at a pH above the Tyr pK a . This suggests formation of a TyrO − , indole amine hydrogen bond, where partial deprotonation of the indole amine results in a very low QY as for the Lys-Trp dipeptide at pH 13.0 (above the pK a of the indole amine).
Fluorescence Lifetime Measurements. Two sets of fluorescence lifetimes are given in Table 2 . The first set of lifetimes, τ (set 1), found in the first column of Table 2 , is derived from measurements made on the Ti:sapphire-pumped laser system (ca. 45 ps instrument response function, fwhm), while the second set (set 2) derives from the photodiode system (1.47 ns instrument response function, fwhm). The fluorescence decay datum obtained on the Ti:sapphire instrument for the Lys-Trp species at pH 1.5 is shown in Figure S1 of the Supporting Information, while the data obtained from both instruments for the species at pH 11.0 are shown in Figures S2 and S3 of the Supporting Information. The fitted lifetime decays and residuals are also shown. Fluorescence decay analyses found two or three lifetimes for each Lys-Trp species (Table 2) . This is true for both data sets.
A subnanosecond lifetime dominates the results for (Lys-Trp) 2+ (pH 1.5): 0.589 ns (amplitude = 71%), set 1. The average lifetime for (Lys-Trp) 2+ is 0.769 ( Table 2 , italics). A reliable fit to lifetime decay data from the photodiode system 26, 27 conformational switching between chi 1 angles can generally be described as digital. That is, the molecule resides at or near one of the characteristic chi 1 angles before switching instantaneously (ca. 1 fs) to another of the preferred chi 1 angles.
Probability Distribution of chi 1 Dihedral Angle Conformers. The chi 1 = 300°conformation is generally the most disfavored for all Lys-Trp charged species while the chi 1 = 60°c onformation is the most favored by all species except (Lys-Trp) 2+ . The lowest energy conformers for Lys-Trp dipeptide charged species are shown in Figure 1 along with their probability, and the electrostatic potential (in atomic units) through the indole plane. All stabilizing and destabilizing intramolecular backbone−indole ring interactions within 4 Å are included in Table S1 of the Supporting Information, although the strength of these interactions is not included. Generally, ring-backbone attractive interactions are balanced by an equal number of repulsive interactions. Intramolecular backbone−backbone interactions are given in Table S2 of the Supporting Information. The atomic labeling used to describe these intramolecular interactions is given in Figure 2 .
Common Features of Lys-Trp Lowest Energy chi 1
Conformers. The lysine residue is usually not found in the vicinity of the indole ring ( Figure 1 ) except for the (Lys-Trp) 2+ chi 1 = 60°, (Lys-Trp) 0 , and (Lys-Trp) − chi 1 = 300°c onformers. For these conformers, the probability is low (10− 20%). The general disposition of the lysine residue in the remaining conformers is one of an extended chain positioned far from the indole plane. In general, ring-backbone stabilizing interactions are balanced by destabilizing interactions at similar interatomic distances for most Lys-Trp conformers (Table S1 of the Supporting Information). These interactions support the idea that backbone-ring orientation is driven by steric hindrance rather than electrostatic interactions. Such destabilizing interactions provide for the increased frequency of chi 1 angle switching between the three dominant angles and, therefore, the roughly equal probability of the major Lys-Trp conformers. Interaction of the N-terminal amine cation with the indole ring, observed in Trp-Gly, Gly-Trp, 26 and Trp-Glu 27 charged species, is observed only in the (Lys-Trp) + chi 1 = 60°c onformer. Lys-Trp backbone conformations are stabilized by hydrogen bonds between backbone charged groups (Table S2 of the Supporting Information).
Chi 1 Conformer Ring-Backbone Electrostatic Interactions. For the sake of brevity, only the conformers with higher probability are discussed. For all (Lys-Trp) 2+ conformers (Table S1 of the Supporting Information), there are 19 favorable ring-backbone interactions within 4 Å. The chi 1 = 180°conformer (P = 56%) is stabilized by four interactions of the C-terminal carboxylic acid hydroxyl group with indoles C 3 , C 4 , C 4 -H, and C 9 . The lower probability (P = 24%) chi 1 = 300°conformer is stabilized by peptide carbonyl and amine interactions with the ring. The peptide NH is electrostatically attracted to C 2 and C 3 , and the peptide carbonyl is positioned 2.83 Å from the indole C 2 hydrogen. There are also 19 favorable ring-backbone interactions within 4 Å for all (Lys-Trp) + conformers (Table S1 of the Supporting Information). Only the chi 1 = 60°conformer (P = 43%) shows ring interaction with the terminal amine cation. Peptide amide and terminal COOH interactions are also present. The chi 1 = 180°( P = 40%) conformer only shows three terminal COOH−ring interactions and one peptide carbonyl interaction. The (Lys-Trp) 0 conformers have 29 favorable ring−backbone interactions. For the chi 1 = 60°conformer (P = 48%), interactions with the terminal COO − are favored over those with the peptide carbonyl and amine. The 180°conformer (P = 31%) has four attractive interactions with the terminal COO − . The (Lys-Trp) − conformers partake in 15 favorable ring−backbone interactions. The chi 1 = 60°conformer (P = 50%) has numerous ring interactions with the peptide carbonyl and amine and the terminal carboxylate. The chi 1 = 180°c onformer (P = 39%) has only a single ring interaction each with the terminal carboxylate and the peptide carbonyl. While a pattern for charged species' backbone−indole ring interactions is difficult to distinguish, we note that a terminal NH 3 −amide O hydrogen bond is peculiar to conformers for the positively charged species (Table S2 of the Supporting Information) .
Isosurfaces Reveal Differing Patterns of π-Electron Delocalization. Electron density isosurfaces ranging from 0.02 to 0.30 in increments of 0.01 were generated for the indole ring of Trp in each of the conformers for five Lys-Trp species. Isosurfaces where negative charge first appears over the indole ring are given in Figure 3 for one low-energy chi 1 conformer for each dipeptide charged species. For all charged species, the isosurface shown represents the charge distribution for one or more of the remaining two conformers of that charged species. A color scale for the associated charge is shown above each isosurface. Note the progressive shift of the zero charge point to the blue end of the scale as negative charge on the dipeptide increases. Where isosurface charge distribution varied for a conformer, that isosurface is represented by an inset structural model. Isosurfaces not illustrated are included in Supporting Information as slide files of isosurfaces up to an isosurface value of 0.15. The pattern of charge density changes for each conformer is outlined below. Note that isosurface values increase as distance from the ring decreases.
Weak π-Electron Density Concentrated at Indole Ring Periphery in (Lys-Trp) 2+ and (Lys-Trp) 1+ . Π-Electron density (−0.00049) first appears at C 4 −C 7 , along the NC 2 bond and at C β′ at the 0.08 isosurface for the chi 1 = 60°conformer of (Lys-Trp) 2+ (Figure 3a ). The remaining ring carbons, C 3 , C 8 , and C 9 , are positive at this isosurface value (0.195). At isosurface value 0.11, C 7 and C β′ are the most negative (−0.0631); C 3 , C 8 , and C 9 remain positive (ca. 0.200); remaining ring atoms have close to zero charge. At an isosurface value of 0.15, the C β′ carries more negative charge (−0.170) than any ring atom except nitrogen.
Isosurfaces for the chi 1 = 300°conformer of (Lys-Trp) 2+ share this charge distribution. Π-Electron density first appears at isosurface 0.05 (−0.00190) from C 4 −C 7 . At isosurface 0.08, C 4 −C 7 and C β′ are at a charge of −0.0200 while the NC 2 bond is less negative. Ring carbons, C 3 , C 8 , and C 9 , are positive (ca. 0.100). At an isosurface value of 0.13, C 4 , C 7 , and C β′ are most negative (−0.112); C 3 , C 8 , and C 9 remain positive.
The pattern of π-electron density for the chi 1 = 180°c onformer of (Lys-Trp) 2+ differs (Figure 3a , inset). C 4 −C 7 and the NC 2 bond first appear negatively charged (−0.000157) at isosurface 0.06, but C β′ is positive, as are C 8 and C 9 (ca. 0.15). At isosurface 0.12, negative charge (−0.0623) can be found at C 4 −C 7 and at the NC 2 bond, but the remaining ring carbons and C β′ are positive. For all (Lys-Trp) 2+ conformers, the ring π-electron density is not uniform over the indole ring; the aromaticity would be diminished.
For all (Lys-Trp) + conformers, a weak π-electron density (−0.076 to −0.03) appears at an isosurface value of 0.02 (Figure 3b) , further from the indole ring plane than in (Lys-Trp) 2+ . C 8 and C 9 remain positive (<0.1). For the chi 1 = 60°c onformer of (Lys-Trp) + (Figure 3b , inset) at isosurface 0.02, the weak negative charge extends to C β′ , while for the chi 1 = 180°and chi 1 = 300°, it does not (Figure 3b ). For this cation, the ring π-electron density lacks uniformity over the entire indole molecule, and the aromaticity is still diminished over most of the isosurfaces studied for this charge species.
Π-Electron Density Spans the Indole Ring in (Lys-Trp) 0 and (Lys-Trp) − . For all (Lys-Trp) 0 conformers, π-electron density (ca. −0.15 − −0.10) appears at C 4 −C 7 at an isosurface value of 0.02 (Figure 3c ). C 8 , C 9 , and C β′ are weakly negative in the 60°and 180°conformers only. The N−C 2 −C 3 portion of the pyrrole ring also has relatively high π-electron density in the 60°and 180°conformers ( Figure 3c ). As the isosurface value increases (where the distance is closer to the ring plane), πelectron density concentrates at C 4 −C 7 and N−C 2 −C 3 , while C 8 and C 9 become less negative.
The π-electron density distribution for the 300°conformer (Figure 3c , inset) deviates from the above pattern in that N and C 3 carry a charge of ca. −0.1, but C 2 is only slightly negative. As the isosurface value increases, C 3 carries the greatest ring charge for the 300°conformer.
All ring atoms of all (Lys-Trp) − conformers carry a πelectron density of ca. −0.2 to −0.1 at the 0.02 isosurface (Figure 3d ). For both the (Lys-Trp) 0 and (Lys-Trp) 1− species, the π-electron density is continuous even at the 0.020 isosurface, conferring aromaticity to these species.
(Lys-Trp) − /Ind N Conj Base. Deprotonation of the indole amine is predicted to result in π bond migration (tautomerization) from C 2 ---C 3 to N---C 2 . 37, 38 While the pK a of indole in dimethyl sulfoxide is 21, and substitution of C 3 with N reduces pK a to only 16.4, 39 Osysko and Muino similarly found that the quantum yield of aqueous Trp, Trp-Asp, and Trp-Arg dipeptides dropped precipitously above pH 11. 12 They attributed the quantum yield decrease to deprotonation of the indole amine, as crossing of the potential energy surface for the nonradiative Rydberg state, A″ (πσ*), with those of the fluorescent 1 L a (ππ*) and ground states occurs as a function of the indole N---H distance. 40 The 0.02 isosurface for the (Lys-Trp) − /Ind N conj base (Figure 3e ) indeed shows −0.17 to −0.1 π-electron density around the benzyl ring and at C 2 . The pyrrole N has the highest negative charge (−0.2), while C 3 is only weakly negative (less than −0.06). A different pattern of π-electron density on the indole ring results for this species. The tautomer structure for indole with deprotonated pyrrole is given in the inset of Figure  3e .
NMR Spectroscopy Insensitive to Aromaticity Changes. NMR spectroscopy of Lys-Trp at pH 1.5 and 12.5 was carried out to confirm the changes in aromaticity observed in isosurfaces. Chemical shifts for indole C 2 , C 4 , and C 7 hydrogens were 0.5 ppm, which is within the standard error on peak positions in proteins. 41 Therefore, NMR is insensitive to the diminished aromaticity found in the isosurface studies, unlike fluorescence quantum yield.
Other Measures of Aromaticity. The harmonic oscillator measure of aromaticity (HOMA) 42 and nucleus-independent chemical shifts method (NICS) 43 were not appropriate for our molecules and did not yield values that tracked with changes in quantum yield or fluorescence lifetime.
The HOMA measure of aromaticity 42 is better-suited to predicting aromaticity in different extended ring systems where there are substantial changes in bond length and the number of rings changes. For example, for perylene, the center ring HOMA index is 0.140, whereas the highest index for an outer ring is 0.842. 42 The dipeptides here do not constitute such a system. The difference between our dipeptides is in the charge on the backbone and the change in orientation of the backbone with respect to the indole ring. The variation in HOMA aromaticity index for the indoles in the LysTrp dipeptides in different charge states is small: 0.829−0.845, and does not track with the quantum yield or fluorescence lifetimes. A similar result is expected for Randic's method of conjugated circuits. 44 The NCSI data is mainly for the deshielding effects of the electrons. This is an indirect effect of the electron density and configuration within the molecule. The absorption and fluorescence, however, relate to the state of the electronic energy levels and are more directly affected by the electron density in the indole ring.
The NCSI information tells very little, if anything at all, about the aromaticity differences. It does show a very slight increase of aromaticity for the (Lys-Trp) − over the (Lys-Trp) +2 when not in the plane of the nuclei of the indole ring, but a slight decrease of aromaticity when in or very close to the atoms of the indole ring. The calculated differences between the two species might be small enough to be indistinguishable experimentally.
■ DISCUSSION
A common pattern is found for Lys-Trp species quantum yields and fluorescence lifetimes. While the number of lifetimes for each data set ( Table 2 ) and species varies, lifetimes with the highest amplitude have a match across the two sets for each species when available, and weighted average lifetimes are similar for both data sets. The dominant lifetime for (Lys-Trp) 2+ (pH 1.5, Table 2 ) is 0.589 (A = 71%). A 10 −1 ns lifetime is also found for (Lys-Trp) + (pH 5.3, Table 2 ) in both data sets, but the amplitude of this component has diminished (A = 48% and 15%). Instead, 10 0 ns lifetimes dominate fluorescence decays. With the loss of a proton on the N-terminal amine, lifetimes are dominated by two 10 0 ns values ( Table 2, Table 2) .
Quantum yields for these Lys-Trp species follow a similar pattern. Cations, (Lys-Trp) 2+ and (Lys-Trp) + , have low quantum yields of 0.032 and 0.059 ( Table 1 ). The quantum yield for the (Lys-Trp) − /Ind N conj base is the lowest obtained, 0.014. The Lys-Trp zwitterion and anion, however, both have quantum yields of 0.14, which is the same value obtained for Trp at pH 7.4. Plotting the weighted average lifetime as a function of quantum yield reveals a linear relationship for the Lys-Trp species (Figure 4) . Such a clear relationship between these fluorescence parameters does not exist for single tryptophan proteins. 7, 46, 47 This is likely due to the superposition of effects caused by numerous residues for protein tryptophans.
In earlier studies of the Trp-Gly, Gly-Trp, and Trp-Glu species, 26, 27 a terminal amine cation was found in close proximity to the indole ring for several conformers of charged species, which would facilitate proton transfer. 24 For the Lys-Trp species studies here, a terminal amine cation in close proximity (3.7 Å, Table S1 of the Supporting Information) to an indole ring is found only for the (Lys-Trp) + chi 1 = 60°c onformer. Favorable van der Waals ring contacts with the peptide amide and/or terminal carbonyl groups provide for possible electron transfer for all four Lys-Trp species below pH 13. 17, 20, 24, 48, 49 Indeed, these van der Waals contacts are most likely a major quenching route for all species, as even the relatively strong fluorescing zwitterion and anion have a diminished quantum yield of 0.14 relative to the high value of 0.34 observed for aqueous 3-methylindole. 17 The cationic Lys-Trp species are distinguished by terminal amine cation− amide oxygen hydrogen bonds. Theoretical 50 and spectroscopic 51 studies of N-acetyl tryptophan amide (NATA) and its methyl amide (NATMA) have revealed an LE excited state along a peptide backbone hydrogen bond, which acts as an excitation conduit from the fluorescent 1 L a state to charge transfer (CT) deexcitation. The reduced and asymmetric πelectron density for the indole in these Lys-Trp cationic species may constitute a telltale for such a CT state.
Quantum mechanical isosurface charge distribution for Lys-Trp peptides shows changes in ring aromaticity with molecular charge and pK R . One factor that has not been considered is the effect of molecular charge on distribution of ring π-electron density. The isosurface charge distribution on the indole ring for (Lys-Trp) 2+ conformers reveals a π-electron density that is diminished and weak, extending above the ring plane only to isosurface 0.05−0.08 (i.e., near the ring plane) (Figure 3a ). Furthermore, charge density does not encircle the ring, and charge density is found off the ring on C β′ , suggesting that a resonance structure with off-ring conjugation is favored. Positive charge on the backbone favors off-ring π-electron density. This results in greatly diminished aromaticity for the (Lys-Trp) 2+ species, which increases the ground state energy of the indole ring, placing it closer to the LE origin. 50 Short-lived deexcitation pathways, such as the LE to CT transition, are favored over the nanosecond fluorescence emission route. A low quantum yield (0.032) and a predominant subnanosecond lifetime ( Table 2) is characteristic of nonaromatic compounds and are observed here for the (Lys-Trp) 2+ species.
A small increase in ring charge density is found for (Lys-Trp) + conformers in that weak charge is extended out to the 0.02 isosurface (Figure 3b ), but the π-electron density is not continuous about the ring here either. Charge density along the C 3 −C β′ bond is observed for the 60°conformer, suggesting that exoring conjugation also contributes to the π-electron density distribution. Quantum yield is also low for (Lys-Trp) + (0.059), but lifetimes have increased with an average lifetime of 1.4 ns. A smaller positive charge on the dipeptide allows for an increased stabilization of the excited state and, therefore, a small increase in fluorescence lifetime.
The Lys-Trp zwitterion 0.02 isosurface charge density is stronger still and continuous about the ring (Figure 3c ). Exoring charge density does not appear to be a part of the πelectron distribution as the isosurface shows C β′ to be positively charged. The quantum yield, 0.14, is identical to that for Trp in water. An average lifetime of 3 ns results.
The π-electron density distribution on the indole ring for the (Lys-Trp) − conformers is strong and relatively uniform at the 0.02 isosurface (Figure 3d ). Aromaticity prevails, and the quantum yield is the same as for aqueous Trp. Negative charge on the peptide should stabilize the excited state where electrons are at a further distance from the indole plane and, therefore, favor the long-lived fluorescence emission process. Slightly longer average lifetimes of 3−4 ns are found ( Table 2) . Deprotonation of the indole amine at pH 13.0 again disrupts the ring π electron distribution (Figure 3e ). There is little electron density at C 3 and high electron density at the pyrrole nitrogen. The result is that quantum yield drops to 0.014 and the average lifetime is shortened to 1.0 ns. Positive charge on C 3 and the pyrrole ring is consistent with the dissociative state, π→σ*, 51 which is predicted to cross the 1 L b energy function just above the indole NH stretch vibration. 50 Accounting for a 10-fold Decrease in Trp Quantum Yield in Proteins: Loss of Aromaticity. Our finding of loss of aromaticity for Lys-Trp cationic and deprotonated indole amine species provides a plausible explanation for the drop in quantum yield from 0.14, observed for aqueous Trp, to the minima of 0.01 observed in proteins. For the cationic species, backbone and Lys residue positive charge can shift fluid ring πelectron density toward the exoring C β′ , as shown by the isosurfaces (Figure 3, panels a and b) . The ground state isosurfaces for the cationic Lys-Trp species (Figure 3 , panels a and b) are lacking in π-electron density at the C 2 or C 3 ring atoms characteristic of the fluorescent 1 L a ground state, the HOMO (Figure 3f ). Concomitantly, these same positive charges destabilize the electronic excited state, disfavoring the longer, nanosecond process of fluorescence emission. For the deprotonated indole amine species, the pyrrole C 2 ---C 3 double bond is shifted to N---C 2 and electron density is concentrated at the pyrrole nitrogen, a tautomer is favored (Figure 3e , inset). 37, 38 The corresponding isosurface (Figure 3e) shows a very distorted ring π-electron distribution, which is also very different from the fluorescent 1 L a ground state. Loss of aromaticity favors a nonradiative process of deexcitation and a lower quantum yield, as found in the fluorescence spectra. Table 2 ) plotted as a function of quantum yield (Table 1) Loss of Aromaticity Can Account for Low Quantum Yield in Proteins. This line of reasoning can be applied to the pK a -dependent quantum yield results for mutants of a dodecamer β-hairpin peptide, where residues flanking either face of a single tryptophan were mutated. 14 Plots of fluorescence yields follow the pK a for the Trp-flanking residue and the associated molecular charge. If the flanking residue is Asp (pK R = 3.65), Glu (pK R = 4.25), Cys (pK R = 8.18), or His (pK R = 6.00), quantum yield is higher when the residue is in the anionic state and lower when the residue is protonated. This is readily explained by the diminished indole aromaticity found in the presence of positive charge as found here for Lys-Trp cations. When the flanking residue is Tyr, the quantum yield for the β-hairpin peptide follows a different rule with respect to the residue pK R, as discussed below.
Hydrogen Bonding at the Indole Amine Favors a Tautomer. The strength of a concept rests in how well it explains the observed phenomena. As hydrogen bonding at the indole amine favors Trp tautomerization (Figure 3e, inset) , and the C 3 tautomer has been shown to be of lowest energy, 38 it is reasonable to expect that indole aromaticity and, therefore, quantum yield, would be affected, as observed here for Lys-Trp at pH 13. This scenario has, in fact, been documented in studies of Trp fluorescence in proteins. The pH-dependent fluorescence yields for Trp in the β-hairpin Phe10Tyr and Ala8Tyr mutants follow Tyr pK R = 10.07. 14 The Trp fluorescence yields drop to ca. 0.02 when Tyr OH is deprotonated. Examination of the NMR structure for the Phe10Tyr mutant provided therewithin shows that TyrO − ---Trp pyrrole NH hydrogen bonding is possible. Hydrogen bonding at the indole amine favors an indole tautomer-like structure and, therefore, a low quantum yield is expected and observed for the β-hairpin mutant.
In a study of the pH-dependence of fluorescence for the W126Y/W158Y/Q105H single Trp mutant of T4 lysozyme, 52 average lifetime falls from 3 to 2 ns and fluorescence yield decrease 3-fold as pH rises above His pK a . This result is in disagreement with the low Trp quantum yields that have been associated with protonated His. 53−55 As His replaces the wildtype Gln105 in mutant T4 lysozyme, which crystal structure shows is hydrogen bonded to the Trp138 indole amine, 56 similar hydrogen bonding by the His anion was indicated. 52 Once again, a Trp tautomer would be favored, leading to the observed lower fluorescence. The evidence supports a loss of aromaticity and a tautomer structure for the T4 lysozyme mutant Trp138 above His pK R as observed here for Lys-Trp at pH 13.0.
Finally, we examine the low quantum yield obtained for members of the homeodomain element from the family of homeotic proteins. 8 The single Trp human homeodomain, Pbx-1, with an extremely low quantum yield, 57 contains a Trp25 pyrrole NH-Glu39 O E hydrogen bond of length 2.37 Å, as revealed by NMR. 58 Drosophila homeodomain antennapedia C39S mutant, which contains two Trps, shows very low fluorescence emission with an average folded lifetime of 1.30 ns and a 4-fold increase in fluorescence emission upon unfolding. 8 The NMR structure for this homeodomain shows a Thr13 residue O-Trp48 pyrrole NH hydrogen bond distance of 1.97 Å (PDB 1hom). Other Drosophila homeodomains, Ubx and Eng, also exhibit very low fluorescence yield; 8 however, NMR or crystal structures free of the structure-altering DNA adduct are not available, and so hydrogen bonding at the indole amine cannot be checked. The concurrence of these results supports the concept of indole ring π-electron density redistribution via hydrogen bonding at the indole amine and a drastic reduction in Trp quantum yield as a result of loss of aromaticity that this electron density change causes.
■ CONCLUSIONS
The Lys-Trp dipeptide was studied both spectroscopically and in silico in pH-induced charge states ranging from 2 + to 1 − and deprotonated at the indole amine. Quantum yields for the Lys-Trp dipeptide species followed a linear relationship with fluorescence lifetime averages. As for Trp-Gly, Gly-Trp, and Trp-Glu dipeptides, the chi 1 dihedral angle is found to control the relative disposition of the backbone to the indole ring. Simulations for Lys-Trp cations did not reveal a predilection for the terminal amine cation to interact with the indole ring. The absence of backbone and Lys residue interaction with the indole ring in all charge states necessitates some explanation for the quantum yield and fluorescent lifetime decreases observed when Lys-Trp is in the cationic state or when the indole amine is deprotonated. A feasible explanation is provided by the quantum mechanically derived isosurfaces of the indole ring, which reveal molecular charge-and pK R -associated changes in π-electron density that are tantamount to changes in ring aromaticity. It is noteworthy that the isosurface charge distributions for the higher quantum yield Lys-Trp zwitterion and anion most closely matches that of the calculated indole HOMO, which is the main ground state for the fluorescing 1 L a transition dipole moment. Thus it is not necessary to calculate individual molecular orbital charge distribution as the isosurface represents the sum charge distribution, which can be compared to the ground state of the fluorescing 1 L a transition dipole moment. At pH 13, where the indole amine is deprotonated, a tautomer is favored that concentrates π-electron density at the nitrogen, and consequently the quantum yield is extremely low (0.014). The ground state does not resemble that for the 1 L a transition dipole. In the absence of isosurfaces for proteinaceous Trps, verification of a correlation between extremely low Trp quantum yield and loss or aromaticity is found in extremely low fluorescing Trp-containing proteins where hydrogen bonding at the indole amine can be demonstrated. The expected indole π-electron charge distribution is like that observed here for Lys-Trp with deprotonated indole amine. It is noteworthy that these changes in aromatic character are not found using ordinary proton NMR. The electron density has a direct effect on the energy states that govern fluorescence phenomena, whereas the effect of aromaticity on the deshielding of neighboring protons is an indirect effect. Here we see that fluorescence spectroscopy can be a more sensitive probe of the aromatic character of the indole ring electron density distribution.
■ EXPERIMENTAL PROCEDURES
The Lys-Trp dipeptide was purchased from Research Plus, Inc. (Barnegat, NJ) and used without further purification. Aqueous solution pH was adjusted with 1 mM HCl or NaOH solution. The pH was adjusted to 1.5 for (Lys-Trp) 2+ (fully protonated), 5.5 for (Lys-Trp) + (additionally, terminal acid deprotonated), 9.5 for (Lys-Trp) 0 (terminal amine deprotonated), 11.5 for (Lys-Trp) − (lysine deprotonated), and 13.0 for (Lys-Trp) − , indole conjugate base (indole amine deprotonated). Ltryptophan was purchased from Acros Organics (Thermo- Fisher Scientific, NJ), and 2-aminopyridine was purchased from Alfa Aesar (Ward Hill, MA).
Absorption Measurements. Background corrected absorption spectra were recorded on a Cary 100 Bio UV−vis spectrophotometer (Varian Instruments, Walnut Creek, CA) with a 2 nm slit width, 1 cm path length, and 1 nm interval.
Steady-State Fluorescence Emission Measurements. Fluorescence emission spectra for quantum yield determinations were recorded on a Fluorolog 3 model FL-1000 (Horiba Jobin Yvon, Edison, NJ) fluorometer using an excitation wavelength of 280 nm and a 1 nm interval. The integration time was set to 0.1 s. The slit width matched that of absorption spectrophotometer (2 nm). All concentrations were < 0.01 mM to avoid inner filter effects.
Quantum Yield Determination. Aqueous L-Trp (QY = 0.14 35 ) and 2-aminopyridine in 0.1 M sulfuric acid (QY = 0.60 59 ) were used as quantum yield standards. Lys-Trp quantum yields were determined by the method given in ref 60 . Briefly, the quantum yield of the two quantum yield standards are first determined via reference against each other to ensure confidence in quantum yields measured for the unknown. The integrated fluorescence intensity of each fluorophore is determined from emission spectra at several fluorophore concentrations, all less than 0.01 mM, to avoid the inner filter effect. The integrated intensity is plotted as a function of the measured absorbance at each concentration. A linear fit is calculated, ensuring that the fit line runs through the origin. Obviously, the goodness-of-fit should be close to unity. The slope of the fit is the gradient, G, used in calculation of the quantum yield, QY:
where the subscript, st, signifies the quantities for the quantum yield standard, and x are the quantities for the fluorophore of unknown quantum yield. η is the refractive index for each solution: η = 1.333 for water and η = 1.334 for 0.1 M sulfuric acid. 61 Time-Resolved Fluorescence Lifetime Decay Measurement. Fluorescence lifetime measurement of the Lys-Trp dipeptide species, pH 1.5−11.0, was carried out on two different instruments: a commercial instrument that employs a laser diode excitation source with a broad (1.47 ns) instrument response function (Horiba Jobin Yvon, Edison, NJ), and a Ti:sapphire-pumped, lab-built laser system at the NIHsponsored Ultrafast Optical Processes Laboratory (University of Pennsylvania, Philadelphia, PA). Lifetimes for the pH 13.0 species were measured on the laser diode system only.
The Ti:sapphire-based instrument uses the time-correlated single photon counting method. It provides 300 mW of approximately 800 nm with a repetition rate of 85 MHz. A labbuild beta barium borate-based, third harmonic generator yields the necessary 280 nm excitation pulses. An experimental instrument response function (ca. 45 ps fwhm) was collected from the scattered light off a thin wire, which is necessary for proper deconvolution. 62 Emission at 340 nm was monitored in a magic angle geometry through a subtractive double monochromator with a microchannel plate-photomultiplier tube (model R2809U, Hamamatsu Photonics, Bridgewater, NJ) connected to a time-correlated single photon counting computer board (model SPC-630, Becker and Hickl, Berlin, Germany).
Excitation was achieved at 280 nm, while emission was monitored at 340 nm in both set of lifetime measurements. The lifetime measurements were duplicated with an instrument of narrower response function (i.e., the Ti:Sapphire system).
Fluorescence Lifetime Decay Analysis. The lifetimes for decays collected on the diode instrument were determined by iterative convolution using the vendor-provided Decay Analysis, DAS6. Details of this method can be found in ref 27 . The lifetime decay data acquired on the Ti-sapphire-pumped system were analyzed with the fitting program, FluoFit (Picoquant, Photonics North America, West Springfield, MA).
NMR Measurements. NMR spectra were obtained on a 200 MHz Varian NMR (Agilent Technologies, CA), using MestRe-C v. 2.1.0 (Mestrelab Research, Escondido, CA) for data processing and analysis.
Density Functional Theory Calculations. Gaussian 09 63 was used for ab initio quantum mechanical (QM) calculations. Details of our method are given in ref 27 . As mentioned, the B3LYP density functional theory method and 6−31++g(df,p) basis set were utilized. The polarizable continuum method with implicit water was used. Ground-state QM calculations for the favored chi 1 angles and lowest energy conformation, revealed by molecular dynamics, were performed. Atomic charges were checked against the NBO (natural bond orbital) results and found to be consistent. The main goal of the calculations was to determine the electrostatic potential distribution in the dipeptide, as this gives insight into intramolecular interactions. The Molekel 5.4.0.8 64 was used for visualization of the peptide species and their isosurfaces. Interatomic distances between atoms participating in electrostatic interactions were measured with gOpenMol. 65 Isosurface values are not directly proportional to the actual distances from the nuclei, but the relationship between these isosurfaces and the distance from the indole ring can be estimated with the formula of d = y 0 + Ae (-i/t) , where d is the distance in Å, y 0 = 0.370, A = 1.105, t = 0.07228, and i is the isosurface value.
Molecular Dynamics Simulation. Simulations were carried out using GROMACS 4.5.3 66 for all dipeptide species except the indole conjugate base. A cubic box of dimension 1 nm beyond the dipeptide boundary with ∼1000 water molecules was utilized. Periodic boundary conditions were applied in three dimensions. 0.5 fs time steps for a total of 20− 30 ns were simulated, thus ensuring that all of the chi 1 dihedral angle space was sampled. Additional details of our method are given in ref 27. 
